Abstract During the recent decades, awareness towards the role of essential fatty acids in human health and disease prevention has been unremittingly increasing among people. Fish, fish oils and some vegetable oils are rich sources of essential fatty acids. Many studies have positively correlated essential fatty acids with reduction of cardiovascular morbidity and mortality, infant development, cancer prevention, optimal brain and vision functioning, arthritis, hypertension, diabetes mellitus and neurological/neuropsychiatric disorders. Beneficial effects may be mediated through several different mechanisms, including alteration in cell membrane composition, gene expression or eicosanoid production. However, the mechanisms whereby essential fatty acids affect gene expression are complex and involve multiple processes. Further understanding of the molecular aspects of essential fatty acids will be the key to devising novel approaches to the treatment and prevention of many diseases.
Introduction
There has been significant consumer interest in the health enhancing role of specific foods or physiologically-active food components. Functional foods may be defined as foods or dietary components that may provide significant health benefits in addition to basic nutrition. The term essential fatty acids (EFA) refers to those polyunsaturated fatty acids (PUFA) that must be provided by foods because these cannot be synthesized in the body yet are necessary for health. There are two families of EFA, omega-3 (ω-3) and omega-6 (ω-6). Omega-3 fatty acids have in common a final carbon-carbon double bond in the ω-3 position i.e. the third bond from the methyl end of the fatty acid whereas ω-6 fatty acids have it in the ω-6 position i.e. the sixth bond from the methyl end of the fatty acid. The importance of ω-3 and ω-6 designation is that n end is never changed during physiological transformation in the human body as it is most stable energetically. The double bonds in these ω-3 fatty acids are in the cis-configuration i.e. the two hydrogen atoms are on the same side of the double bond. α-Linolenic acid (ALA), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) have various properties for which they can be classified as functional foods.
Status of ω-3 fatty acids in diet
ALA is very sensitive to destruction by light, oxygen and heat. If not protected, it becomes toxic. It is destroyed five times faster than linoleic acid (LA). Average intake of ω-3 fatty acids has decreased to less than 20 % of what was present in common diets 150 years ago. About 95-99 % of the population gets ω-3 fatty acids lesser than that required for good health, making ω-3 fatty acids an essential nutrient and therefore the most therapeutic of all the essential nutrients (20 minerals, 14 vitamins, 8-11 amino acids, 2 fatty acids).
The important ω-6 fatty acids and their sources Linoleic acid C18:2, (Δ 9, 12 ) This is abundant in safflower, sunflower and corn; present in medium quantities in soybean, sesame and almonds and in small quantities in canola, peanut and olive oils. It is very low in coconut and palm kernel. The body converts LA into other fatty acids depending upon need. -linolenic acid, 18:3 (Δ 6, 9, 12 ) It is present in evening primrose oil (7-10 %) (Hoy et al. 1983) , black current (15-20 g/100 g), borage (18-26 g/100 g) (Lawson and Hughes 1988) . It is also present in small amounts in organ meats and in human milk (Horrobin 1990 ).
Gamma
Dihomo-gamma-linolenic acid, C 20:3 (Δ 8, 11, 14 ) It is synthesized from GLA.
Arachidonic acid, C 20:4 (Δ 5, 8, 11, 14 ) It is found in meat, eggs and dairy products.
Status of ω-6 fatty acids
LA is abundant in the diets of most people. Its intake has been doubled during the past 100 years due to increased use of corn and safflower oils. Diets too high in LA and too low in ω-3 fatty acids may lead to chronic inflammation, hypertension and blood clotting tendency that increases the risk of heart attack and stroke. Increased amount of LA slows down the metabolism of ALA to EPA and DHA by inhibiting Δ 6 desaturase which may also decrease with age (Simopoulos 1996) . The fatty acid composition of various oils is given in Table 1 .
Metabolism of omega-6 and omega-3 fatty acids
The ω-6 and ω-3 fatty acids when consumed in the diet in the form of triglycerides from various food sources undergo digestion in the small intestine which allows absorption and transport in the blood and subsequent assimilation in the body including brain, retina, heart and other tissues. These fatty acids can undergo (a) β-oxidation to provide energy in the form of ATP (b) esterification into cellular lipids including triglycerides, cholesterol esters and phospholipids and (c) converted into their important longer chain and more unsaturated products derived by a series of desaturation and elongation reactions which are particularly active in the liver and to a lesser extent in other tissues (Fig. 1) . The EFAs which are assimilated into phospholipids are particularly important in the overall structure and function of both omega-6 and omega-3 fatty acids, as phospholipids maintain both the structural integrity and the critical functioning of cellular membranes throughout the body. The above discussion indicates that some of the fatty acids present in cells and tissues of the human body are derived directly from the dietary sources and some by way of endogenous synthesis in the body itself (Table 2) .
LA and ALA can only be derived from dietary sources as the enzymes needed to synthesize these two EFAs are lacking in the human body in contrast to plant cells. The pathways for desaturation and chain elongation of ω-6 and ω-3 fatty acids are given in Fig. 2 .
The level of EPA and DHA in the tissues and cells can be increased by their direct dietary consumption. Unlike LA which is present at considerable levels in most cellular lipids (particularly membrane phospholipids), ALA does not usually accumulate to particularly high concentrations even when ingested at relatively high dietary levels. This is partly due to the fact that much of the dietary ALA undergoes β-oxidation in the mitochondria and very limited amount is available for its conversion to EPA and DHA. So, these can be consumed in the diet from fish oil or functional foods fortified with them.
Omega 3 and trans fatty acid interactions
High trans fatty acid (TFA) intake inhibit the desaturation reactions involved in the conversion of ALA to EPA and subsequently to DHA. For example, a typically Canadian diet contains about TFA: ALA ratio (ω-3) of 6:1 which is similar to the ratio found in Canadian breast milk (Chen et al. 1995 ). An inverse correlation has been reported by Elias and Innis (2001) between the TFA status of infants and their DHA concentrations in the circulation suggesting possible interfering effects of TFAs on fetal growth and length of gestation. Other studies have reported that TFA decrease the availability of DHA plus EPA in arterial cells, potentially enhancing the development of coronary heart disease. (Kummerow et al. 2004) . Thus reducing the dietary intake of TFA is an important health goal. The potentially adverse interactive effects of TFA on omega-3 fatty acid metabolism and generation of DHA/EPA is yet another valid reason for greatly reducing intakes of TFA. Trans fatty acids increased low density lipoproteins (LDL), triglycerides and reduced beneficial high density lipoproteins (HDL) and hence have detrimental effect on health (Dhaka et al. 2011) .
Essential fatty acid interactions
The actions of ω-3 and ω-6 fatty acids are characterized by their interactions and cannot be understood separately. Their action is mediated through a series of eicosanoids as discussed below.
Synthesis of eicosanoid series from fatty acids and their nomenclature
Eicosanoids are signaling molecules derived from EFAs. They constitute the major pathway by which EFAs act in the body. There are four classes of eicosanoids and two or three series within each class (Table 3) . Cells outer membranes contain phospholipids. In each phospholipid, there are two types of fatty acids. Some of these fatty acids are 20 carbon PUFAs i.e. arachidonic acid (AA), eicosapentaenoic acid (EPA) or dihomo-gamma-linolenic acid (DGLA). In response to a variety of inflammatory signals, these FAs are cleaved out of phospholipids (PL) and released as free fatty acids. Then these are oxygenated (by either of two pathways) and further modified yielding the eicosanoids. Cyclooxygenase (COX) oxidation removes two C 0 C double bonds, leading to thromboxanes (TX), prostaglandins (PG) and prostacyclins (PGI) series (Table 3) . Lipoxygenase removes no C 0 C double bond and leads to the formation of leukotriene (LK) (Funk 2001) . The sequences of reactions for EPA and DGLA are analogous to that of AA. For example COX action on AA leads to the series 2 thromboxanes (TXA 2 , TXB 2 ) each with two double bonds. COX action on EPA (with five double bonds) leads to the series 3 thromboxanes (TXA 3 , TXB 3 ) each with three double bonds. The antiinflammatory effects of eicosanoids produced by these fatty acids are shown in Table 4 .
Mechanism of action of ω-3 fatty acids and GLA in countering the inflammatory effects of arachidonic acid
In the AA cascade, the dietary LA is converted to AA which is esterified into the phospholipids of cell membranes. In response to many inflammatory stimuli, eicosanoids formed from AA bind receptors on the cell. Alternately, AA can diffuse into the cell nucleus and interact with transcription factors to control DNA transcription for cytokines or other hormones. The eicosanoids from AA generally promote inflammation. Those from GLA (Via DGLA) and from EPA are generally less inflammatory, inactive or even antiinflammatory (Kiecolt-Glaser 2010). Dietary ω-3 fatty acids and GLA counter the inflammatory effects of AA's eicosanoids by three mechanisms namely displacement, competitive inhibition and counteraction.
Displacement Animal studies show that increased dietary ω-3 results in decreased AA in brain and other tissues. ALA (18:3 ω-3) contributes to this by displacing LA (18:2 ω-6) from the elongase and desaturase enzymes which are involved in AA synthesis (Fig. 2) . EPA inhibits phospholipase A2's release of AA from cell membrane (Su et al. 2003) .
Other mechanisms involving the transport of EFAs may also play a role. High LA decreases the body's conversion of ALA to EPA. However, this effect is not so strong, the desaturase has a higher affinity for ALA than LA (Phinney et al. 1990 ).
Competitive inhibition DGLA and EPA compete with AA for access to the cyclooxygenase (COX) and lipoxygenase (LOX) enzymes. So, the presence of DGLA and EPA in tissues lowers the output of AA's eicosanoids. For example, dietary GLA increases tissue DGLA and lowers TXB 2 (Guivernau et al. 1994; Karlstad et al. 1993) . Likewise EPA inhibits the production of series-2 PG and TX (Calder 2004) . Although DGLA forms no LTs, a DGLA derivative blocks the transformation of AA to LTs (Fig. 3 ).
Counteraction Some DGLA and EPA derived eicosanoids counteract their AA derived counterparts. For example, DGLA yields PGE 1 , which powerfully counteracts PGE 2 (Fan and Chapkin 1998) . EPA yields the antiaggregatory prostacyclin PGI 3 and it also yields the leukotriene LTB 5 which vitiates the action of the AA derived LTB 4 (Prescott 1984) (Table 4 ).
The mechanism of action of dietary GLA as an antiinflammatory fatty acid Dietary LA is inflammatory. In the body, LA is desaturated to GLA, yet dietary GLA is antiinflammatory (Table 4 ). Some observations partially explain this paradox. LA competes with ALA for Δ 6 desaturase and thereby eventually inhibits formation of EPA (20:5 ω-3) which is an anti-inflammatory fatty acid (Fig. 2) . In contrast GLA does not compete for Δ 6 desaturase. GLA's elongation product DGLA (20:3 ω-6) competes with eicosatetraenoic acid (20:4 ω-3) for Δ 5 desaturase and hence it might be expected that this would indirectly make GLA inflammatory by reducing the level of EPA the products of which are antiinflammatory but it is not so because this step is not rate limiting.
DGLA inhibits inflammation through both competitive inhibition and direct counteraction. Dietary GLA leads to sharply increased DGLA in the white blood cell's membranes, whereas LA does not. This may reflect WBCs, lack of Δ 6 desaturase. Supplementing dietary GLA increases serum DGLA without increasing serum AA (Fan and Chapkin 1998; Johnson et al. 1997) . However, it is likely that some dietary GLA eventually forms AA and contributes to inflammation. However animal studies indicate that this effect was small (Karlstad et al. 1993) . It has been reported that dietary GLA increases the content of elongation product DGLA within cell membranes without concomitant changes in AA. Subsequently on stimulation, DGLA can be converted to15-(S)-hydroxy-8,11,13-eicosatrienoic acid (15-HETrE) and prostaglandin E1 (Fig. 3 ). These compounds have both antiinflammatory and anti proliferative properties (Fan and Chapkin 1998) .
Complexity of pathways of GLA action
The eicosanoid signaling paths are complex. It is therefore difficult to characterize the action of any particular eicosanoid. For example, PGE 1 , formed from DGLA, binds four receptors, (Fig. 4) . EP 1 and other EP 3 isoforms couple to G q . This leads to increased intracellular calcium and is proinflammatory. Finally, yet another EP 3 isoform couples to G i , which both decreases cAMP and increases calcium. Many immune system cells express multiple receptors that couple these apparently opposing pathways (Tilley et al. 2001 ).
The arachidonic acid cascade in the central nervous system (CNS)
The AA cascade in the CNS is arguably the most elaborate signaling system neurobiologists have to deal with. The EPA and DGLA cascades are also present in the brain and their eicosanoid metabolites have been detected. The ways in which they differently affect mental and neural processes are not nearly as well characterized as the effects in inflammation. Neurohormones, neuromodulators or neurotransmitters act as first messengers. They activate phospolipase to release AA from neuron cell membranes as a free acid. During its short life span, free AA may affect the activity of the neurons ion channels and protein kinases or it may be metabolized to form eicosanoids, epoxyeicosatrienoic acid (EETs), neuroprotectin D or various endocannabinoids (Fig. 5) .
Significance of ω-6 to ω-3 fatty acid ratios
The concept of ω-6 to ω-3 fatty acid ratio originated in the early rodent experiments where high levels of LA (ω-6) in the diet were found to partially suppress the conversion efficiency of dietary ALA to EPA plus DHA in the body. LA and ALA are metabolized to their corresponding products via common enzyme systems (Fig. 2) . Very high LA: ALA ratio resulted in smaller rise in DHA/EPA levels in tissues due to competitive inhibitory effect of LA on ALA at the level of initial desaturation reaction. Thus the lower ratios were found to provide better conversion efficiency of ALA to DHA/EPA as compared to higher ratio even when the amount of ALA was fixed at the same amount. It was indicated that lowering the ratio of LA: ALA from 27 down to 3 allowed moderately enhanced conversion of dietary ALA to EPA as revealed by moderately higher levels of EPA in blood samples taken from subjects given varying ω-6 : ω-3 ratios and amount of ALA. Thus higher intakes of ALA and much lower ratio of LA: ALA is one strategy for moderately enhancing the conversion of ALA to EPA (Holub 2002) . However, in many human studies which have lowered ratio of LA: ALA have not shown a significant rise in DHA with the lower ratio or even with higher intake of ALA despite the moderate rise in EPA (Holub 2002) .
Direct consumption of preformed DHA and EPA provides for a highly efficient increase in these important long chain omega-3 fatty acids in cells and tissues such that dependency on lower LA: ALA ratios becomes questionable. So, the concept of LA: ALA ratio needs to be reconsidered in the context of dietary/health situations where DHA plus EPA are consumed directly in their preformed state. The ω-6 product formed from desaturation and elongation of LA is arachidonic acid (AA:20:4 ω-6). While small levels of AA have some important functions such as in reproduction and other processes, excessively high levels of AA are considered to be potentially problematic in the development and or progression of some chronic health conditions.
AA can be converted into neutrophils (white blood cells) to form leukotriene B 4 (LTB 4 ) which is considered to be a proinflammatory eicosanoid associated with chronic conditions such as rheumatoid arthritis, psoriasis of the skin and inflammatory in gastro intestinal disorders. In some cells and tissues AA is converted into the prostaglandin form known as prostaglandin E 2 (PGE 2 ) which has been associated with enhanced cell proliferation, mitogenesis and possibly cancer promotion. In circulating blood platelets, AA is converted to thromboxane A 2 (TXA 2 ) which is known as a prothrombolic and vasoconstrictory eicosanoid and is thought to play an important role in thrombus formation and is associated with fatal or non-fatal myocardial infarctions (heart attacks) (Wijendran and Hayes 2004) .
High intake of EPA plus DHA in the diet allows for the partial replacement (reduction) of AA, thus, reducing its amount available to form the metabolites that are associated with various chronic disorders. Furthermore EPA plus DHA inhibit the conversion efficiency of AA to LTB 4 , PGE 2 and TXA 2 . Finally the enzyme generated (via oxygenase activity) products of EPA plus DHA don't appear to have the potentially harmful effects in contrast to those formed from AA by same enzymatic reactions (Wijendran and Hayes 2004) . If both ω-3 and ω-6 are present, they will compete to be transformed into their respective end products, so the ratio of ω-6: ω-3 directly affects the type of eicosanoids that are produced. This competition was recognized as important when it was found that thromboxane is a factor in the clumping of platelets, which leads to thrombosis. The leukotrienes were similarly found important in immune/inflammatory system response, and therefore relevant to arthritis, lupus and asthma. These discoveries led to greater interest in finding ways to control the synthesis of ω-6 eicosanoids. The simplest way would be by consuming more ω-3 and fewer ω-6 fatty acids. EPA forms in the body potent antiinflammatory nanomolecules, called resolvins. Later it was found that omega-3s also turn into other anti-inflammatory molecules called omega-3-oxylipins, which partly explain the versatile health effects of fish oil (Shearer et al. 2010) . Overall the positive effects of ω-3 fatty acids on health relate to inhibition or modulation of eicosanoid pathways which lead to alteration of inflammatory responses and related protein expression activity and modulation of molecules or enzymes associated with various signaling pathways involving normal and pathological cell function, incorporation of ω-3 fatty acids into membrane phospholipids and direct effects on gene expression. Because all these pathways are highly interactive, the biological potential of ω-3 fatty acids on health and disease must be due to multiple coordinated mechanisms. (Seo et al. 2005) . Therefore ω-3 fatty acids are virtually functional foods.
Conversion efficiency of ALA to DHA in humans
Body converts ALA to EPA and DHA. However, the extent of this conversion appears to be minimal at current intakes and was estimated to be <1 % (Brenna 2002; Pawlosky et al. 2003) . Similarly, when evaluating changes in plasma phospholipids DHA levels, supplementation of ALA, up to 5 g per day did not increase plasma (or erythrocyte) phospholipids DHA levels (Valsta et al. 1996) . Depending upon several factors the range of conversion varies from <5 % to 36 % per day of the amount of ALA consumed. The major fate of supplemented ALA appears to be oxidation and not long chain ω-3 fatty acid synthesis (Brenna 2002; Valsta et al. 1996) . The metabolic pathway by which dietary ALA can be converted to EPA and DHA in the mammalian liver by a series of desaturation and elongation reactions is given in Fig. 2 . It has been shown that omega-3 deprivation impaired the synaptic plasticity and learning ability (Heinrichs 2010 ). However, extensive controlled studies in human subjects have now confirmed the very limited metabolic conversion of dietary ALA into DHA, the final end product of the sequential pathway. The common approach for assessing the apparent conversion efficiency of dietary ALA to EPA plus DHA is to determine the net increase in circulating blood levels of EPA and DHA after increasing the dietary intake of ALA from food sources. Chan et al. (1993) found moderate net rise in the level of EPA with higher levels of ALA in conjunction with ω-6: ω-3 ratios lowered to 3:1, no net rise in the level of circulating DHA was found across the various fatty acid mixtures and ratios. Feeding of 10.7 g of ALA from flaxseed oil over a 4 week period failed to provide any significant net rise in the low levels of DHA present in the breast milk of lactating women. The level of ALA supplementation in this study was approximately seven fold that recommended by Food and Nutrition Board during pregnancy (Francois et al. 2003) .
With the use of radioisotopes in human studies it was reported that the conversion efficiency of ALA to DHA in young adult male subjects was 4 % (Emken et al. 1994 ). The overall conversion efficiency from ALA to EPA plus DHA combined was 12 %. Subsequent studies by other researchers showed estimated conversion from ALA to DHA of less than 0.1 % and a conversion of EPA plus DHA combined of less than 0.4 % efficiency (Hussein et al. 2005; Pawlosky et al. 2001) . Another study compared the apparent conversion efficiency of ALA to DHA in young adult men and women. No detectable formation of DHA was found in men whereas it was about 9 % in women. Greater fractional conversion in women may be due in part to a significantly lower rate of utilization of dietary ALA for β-oxidation and/or the influence of estrogen or other hormonal factors on the conversion efficiency. In addition, the efficiency of conversion can be reduced due to controllable factors that interfere with the activity of enzymes involved in this conversion, like high intake of ω-6 fats that interfere with the conversion of ALA, significant alcohol intake, deficiency of nutritional enzyme co-factors; vitamin B 3 , B 6 and C; minerals, zinc and magnesium and trans fatty acids from fried foods and hydrogenated oils (Burdge et al. 2002; Burdge and Calder 2005) .
In conclusion, the efficiency of conversion of ALA to DHA is very limited in healthy individuals and is markedly variable between individuals within different sectors of the populations. Thus the lack of sufficient DHA in diet may have to compromise with optimal health in those with very minimal conversion capacities. These observations support the serious consideration being given to dietary DHA as an essential fatty acid and/or a conditionally essential fatty acid depending upon the conversion capacity of individuals within the population.
The question of ω-3 conversion is important, because EPA is needed to make health protecting 'eicosanoid' hormones and DHA is required for brain development, brain function, vision and sperm formation and has heart protective and anti inflammatory functions as well. If the body converts ALA into EPA and DHA then fish or its oil is not required in the diet. If the body cannot convert or convert at insufficient rate, we all must look to sources which can provide EPA and DHA.
Health benefits of omega-3 fatty acids
Importance of ω-3 fatty acids in human health has been established by epidemiological studies showing the relation between an ω-3 enriched diet and the prevention of some diseases like cardiovascular diseases and myocardial infarction (Kromann and Green 1980; Das 2000 ; VonSchacky and Harris 2007), psoriasis (Zulfakar et al. 2007 ), bowel disease (Diamond et al. 2008) , treatment and prevention of mental illnesses (Song and Zhao 2007) , prevention of several types of cancer (Chen et al. 2007; Calviello et al. 2007) or bronchial asthma (Reisman et al. 2006) . Subsequently, an enormous number of epidemiological and clinical studies have dealt with the effect of ω-3 PUFA, especially EPA and DHA, in human health and the mechanism by which this effect takes place. PUFA have been reported to act as nutraceuticals (Das et al. 2011) .
It is interesting to note that Greenland Eskimos consume large amount of fat from sea food, but displayed virtually no cardiovascular disease. The high level of ω-3 fatty acids consumed by the Eskimos reduced triglycerides, heart rate, blood pressure and atherosclerosis (Dyerberg et al. 1975) . U.S. Food and Drug Administration have already given qualified health claim status to eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) ω-3 fatty acids, stating that supportive but not conclusive research shows that consumption of EPA and DHA (ω-3) fatty acids may reduce the risk of coronary heart disease. Omega-3 fatty acids are more effective for raising energy levels, stamina and performance, improving concentration, learning, calmness, behavior and IQ, lowering cardiovascular risk factors, inhibiting cancer growth and metastasis, increasing insulin sensitivity, speeding the healing of wounds due to accidental injury, physical exertion and surgery, decreasing inflammation and joint pain, dampening the symptoms of auto immune diseases, improving bone mineral metabolism, improving weight management and increasing fat burning and decreasing fat production. The health benefits of ω-3 fatty acids are discussed below in detail.
Cardiovascular disease Omega-3 fatty acids, especially those derived from marine sources, may be a useful tool for the primary and secondary prevention of cardiovascular disease. Omega-3s exert their cardioprotective effects through multiple mechanisms, including reducing arrhythmias and altering production of prostaglandins, which reduces inflammation and improves platelet and endothelial function. It is recommended that one serving (200-400 g) of fatty fish two times per week and a diet that includes foods rich in ALA for the primary prevention of cardiovascular disease. Also it is encouraged to have one serving (200-400 g) of fatty fish or a fish oil supplement containing 900 mg of EPA + DHA every day and a diet rich in ALA for patients with known cardiovascular disease or congestive heart failure (DeFilippis et al. 2010) . The results of a major clinical study involving over eleven thousand patients with a recent myocardial infarction with 1 g per day of ω-3 fatty acids reduced the occurrence of death, cardiovascular death and sudden cardiac death by 20, 30 and 45 % respectively. Further studies indicated decreases in total mortality and cardio vascular incidents (i.e. myocardial infarction) associated with the regular consumption of fish and fish oil supplements (Wang et al. 2006; Mozaffarian and Rimm 2006) .
In another study, Japanese men with unhealthy blood sugar levels were randomly given 1,800 mg daily of EPA. The thickness of the carotid arteries and blood flow were measured before and after supplementation for about 2 years. Significant decrease in the thickness of carotid artery along with improvement in blood flow was observed with EPA supplementation to patients with unhealthy blood sugar levels (Mita et al. 2007 ). When patients with high triglycerides >500 mg/dl and poor coronary artery health were given 4 g per day of a combination of EPA and DHA along with some monounsaturated fatty acids, it reduced their TG on an average 45 % and VLDL cholesterol (bad cholesterol) by more than >50 % (Brunton and Collins 2007) .
In a study involving 18,000 patients with unhealthy cholesterol levels, patients were given 1,800 mg a day of E-EPA (ethyl esterified EPA) with a statin drug for 5 years. It was reported that EPA is a promising treatment for prevention of major coronary events (Yokoyama et al. 2007) . Similarly increased HDL-cholesterol and decreased triglycerides and less heart disease was observed on ω-3 fatty acid supplementation in the diet. Eating walnuts (the ratio of ω-3 to ω-6 is about 1:4) was reported to lower total cholesterol by 4 % relative to controls when people also ate 27 % less cholesterol (Zambon et al. 2000) .
Sudden death accounts for as much as 50 % of cardiovascular disease (CVD) and up to 80 % of these are due to ventricular fibrillation. A major benefit of ω-3 highly unsaturated fatty acids (HUFA) is reducing the risk of sudden death (Kang and Leaf 2000; Mozaffarian et al. 2005) . It is suggested that these HUFAs reduce arrhythmic events by modifying lipid microdomains of plasma membranes, thereby affecting the conductance of ion channels (Leaf et al. 2003) . PUFAs from fish oil reduce matrix metallo-proteinases (a family of collagenases involved in the degradation of extracellular matrix) expression increasing plaque stability potentially reducing sudden coronary events (Fukumoto et al. 2004; Chen et al. 2003) . Proposed mechanisms of ω-3 fatty acids involve reductions in circulating triacylglycerol levels, platelet activation and the expression of vascular adhesion molecules (KrisEtherton et al. 2001; Vanschoonbeek et al. 2003) . Omega-3 triacylglycerol-enriched particles are cleared faster from blood in both humans and animals and are much less dependent on the activities of lipoprotein lipase, the LDL receptor, and apolipoprotein E-dependent pathways for blood removal and tissue targeting (Qi et al. 2002 (Qi et al. , 2003 .
DHA for optimal brain and visual functioning DHA (22:6 ω-3) is now recognized as a physiologically essential nutrient in the brain and retina of the eye where it is required in high concentrations for providing optimal mental performance (neuronal functioning) and visual activity respectively. The six cis-double bonds provide folding over the fatty acid structure (Stilwell and Wassall 2003) . This unique structure along with melting point of approximately −50°C helps the maintenance of a highly fluid microenvironment within the phospholipid components of the grey matter in mammalian brains and in other cell membranes of the nervous system (Svennerholm 1968) . Its modulatory effect on the activity of ion channels underlines its role in supporting electrical signaling (Litman et al. 2001 ) and ultimately brain functioning such as learning ability, memory etc. The high level of DHA in the brain and nervous system are actively deposited particularly during the last trimester of pregnancy and during the first 2 months of infancy and very early years of a child's life (Birch et al. 2000) . A source of DHA to brain and nervous tissue is needed to replenish and maintain optimal DHA levels for functioning throughout life span (Youdim et al. 2000) .
The highest concentration of DHA per unit tissue weight was found in the membrane phospholipid components of the photo receptor outer segments of the retina. The fluidity of retinal membrane due to DHA helps in faster response to stimulation. The optimal functioning of rhodopsin, the photopigment necessary for initiating visual sensation is considered to be supported by the presence of DHA in the retinal membrane (SanGiovanni and Chew 2005). The retina, functionally an extension of the brain, contains rods and cones with the most fluid membranes of all the body's cell types; they are also highly enriched in DHA. The laboratory animals with experimentally induced omega-3 deficiencies showed deficits in retinal structure, visual activity development and cognitive performance (Reisbick et al. 1997; Crawford 1993) .
The depletion of DHA levels to sub-optimal concentrations in the brain due to insufficient dietary intakes of ω-3 fatty acids has been found to result in cognitive deficits (impaired learning ability). A sufficient supply and accumulation of DHA appears necessary for optimal neurotransmission to support cognitive function in the brain and optimal visual transduction and functioning (Litman et al. 2001) . Growing membranes must be relatively fluid and DHA is the most fluidizing element in cell membranes. Even the synapses that are the primary functional units of brain circuits are made from membranes preferentially enriched in DHA (Breckenridge et al. 1972) . A benefit of ω-3 fatty acids is helping the brain to repair damage by promoting neuronal growth (Kockmann et al. 1989 ). In a 6 month study involving people with schizophrenia and Huntington's disease who were treated with EPA or a placebo, the placebo group had clearly lost cerebral tissue, while the patients given the supplements had a significant incase of grey and white matter (Petrik et al. 2000) .
In the prefrontal cortex (PFC) of the brain, low brain ω-3 fatty acids are thought to lower the dopaminergic neurotransmission in this brain area, possibly contributing to the negative and neurocognitive symptoms in schizophrenia. This reduction in dopamine system function in the PFC may lead to an over activity in dopaminergic function in the limbic system of brain which is suppressively controlled by the PFC dopamine system causing the positive symptoms of schizophrenia. This is called the ω-3 PUFA/dopamine hypothesis of schizophrenia (Ohara 2007) . Omega-3 fatty acids have been reported to have neuroprotective action in Parkinson's disease (Bousquet et al. 2008) . High doses of ω-3 given to rats of experimental group completely prevented the neurotoxin-induced decrease of dopamine. Since Parkinson's is a disease caused by disruption of the dopamine system, this protective effect exhibited promise for future research in the prevention of this disease.
In a recent study Perilla frutescens seed oil (PFSO) which is a rich source of omega-3 fatty acids was administered chronically to guinea pigs and neuroprotective properties were assayed ex vivo in dissociated brain cells (Eckert et al. 2010 ). In the brain, levels of oleic, linoleic, arachidonic and docosahexaenoic acids were significantly enhanced. Results of the study provided new insights into the potential mechanisms for the neuroprotective actions of unsaturated fatty acids and suggested PFSO as promising nutraceutical and possible alternative to fish oil supplements to provide healthful activities in the brain.
Rheumatoid arthritis
The anti-inflammatory effects of high doses of omega-3 fatty acids provide symptomatic relief and also reduce cardiovascular risk in rheumatoid arthritis. Fish oil is a convenient source of these essential fatty acids and therefore warrants consideration as a component of therapy for rheumatoid arthritis. It has been reported that in vitro anti-inflammatory activity of ω-3 fatty acids translates into clinical benefits (Wall et al. 2010; Fortin et al. 1995) . Cohorts of neck pain patients and of rheumatoid-arthritis sufferers have demonstrated benefits comparable to those receiving standard nonsteroidal anti-inflammatory drugs (NSAIDs). The positive effects of ω-3 fatty acids relate to inhibition or modulation of eicosanoid pathways, which lead to alteration of inflammatory responses and related protein expression and activity (Deckelbaum et al. 2006.) C-reactive protein (CRP) is a systemic inflammatory marker and a strong predictor of stroke and cognitive impairment. Because of anti-inflammatory effects, the level of CRP was significantly lowered in subjects receiving a low dose of krill oil. The subjects were suffering from cardiovascular disease, rheumatoid arthritis or osteoarthritis and high levels of CRP ).
Cancer Omega-3 fatty acids reduced prostate tumor growth and increased survival ). High levels of DHA, the most abundant ω-3 PUFA in erythrocyte membranes, were associated with a reduced risk of breast cancer (Pala et al. 2001) . Oral ω-3 fatty acid supplements benefit cancer patients, improving their appetite, weight and quality of life (Colomer et al. 2007) . A supplement of EPA helped cancer patients retain muscle mass (Ryan et al. 2009 ). Anticancer effects of ω-3 fatty acids (particularly breast, colon and prostate) have been reported (Augustsson et al. 2003; De Deckere 1999; Caygill and Hill 1995; Kidd 2007) . Modulation of specific genes by ω-3 fatty acid and cross talk between these genes are responsible for many effects of ω-3 fatty acids (Deckelbaum et al. 2006) . In a very recent study Dimri et al. (2010) suggested that treatment of ω-3 fatty acids leads to decrease in invasion of breast cancer cells an oncogenic phenotype that is known to be associated with EZH2 (enhancer of zeste homolgue 2). It was concluded that the PcG protein (polycomb group protein) EZH2 is an important target of ω-3 PUFAs and that downregulation of EZH2 may be involved in the mediation of antioncogenic and chemopreventive effects of ω-3 PUFAs. The antiproliferative effects of n-3 fatty acids on cells has been shown in Fig. 4 .
Omega-3 fatty acids and gene expression
Omega-3 fatty acids are major modulators of genes and thus affecting the expression of key proteins related to inflammation, lipid metabolism and energy utilization. There could be a direct molecular interaction of ω-3 fatty acids with certain genes (Deckelbaum et al. 2006) . The PUFA affect sterol regulatory element binding protein (SREBP) dependent gene expression. SREBPs are regulated post-transcriptionally and the inactive precursor form is located in the endoplasmic reticulum, where it is linked to SREBP cleavage-activating protein (SCAP). This complex is anchored by the Insig protein (Yang et al. 2002) . Under conditions of sterol deprivation, Insigs dissociate from the SREBP/SCAP complex, which then translocates with the Golgi via vesicular transport. In the golgi, SREBP dissociates from SCAP and undergoes a twostep proteolysis cleavage, and the transcriptionally active amino-terminal fragment of SREBP, n-SREBP is released. SREBP binds to sterol regulatory elements in the promoter region of many genes of lipid metabolism. Cholesterol and oxysterols regulate this pathway by end product feedback inhibition (Fig. 6) (Adams et al. 2004) . EPA, DHA and AA have more inhibitory capacity on SREBP processing than do the shorter chain fatty acids like 18:1, 18:2. Saturated fatty acids have no effect on SREBP processing (Worgall et al. 1998) . It has been reported that addition of PUFA decrease the affinity of cholesterol for phospholipids and this in turn results in its enhanced transfer from cholesterol-rich regions (such as plasma membrane) to cholesterol-poor regions (ER), a condition that would lead to decreased SREBP transport out of the ER to the Golgi (Johnson et al. 2003) .
Another mechanism could be the hydrolysis of plasma membrane sphingomyelin to ceramide , which affects cellular cholesterol homeostasis and gene transcription by two mechanisms. First mechanism includes lower amounts of sphingomyelin resulting in decreased ability to solubilize free cholesterol and a consequent decrease in SREBP-mediated gene transcription. In second mechanism ceramide itself acts as a potent inhibitor of SREBP (Fig. 7) processing through effects on sphingolipid synthesis , a process that can regulate ER-Golgi vesicular transport (Rosenwald et al. 1992) . It has been shown that ceramide synthesis is obligatory in the regulation of SREBP processing (Worgall et al. 2004 ). The ability of longer chain PUFA but not shorter chain or saturated fatty acids to suppress the liver X-receptors (LXRE) enhancer complex formation in the SREBP1c promoter region further exemplified the multiple mechanisms by which the fatty acids can affect gene transcription (Xu et al. 2002) .
Activation of peroxisome proliferator activated receptors (PPARs) by ω-3 fatty acids influence many critical cellular functions at multiple levels. Together with their ability to regulate SREBPs, ω-3 fatty acids can serve as master switches and there is cross talk between PPAR signaling, SREBP expression and liver-X-receptor (Yoshikawa et al. 2003; Cagen et al. 2005; Ou et al. 2001) . Because of the ability of ω-3 fatty acids to inhibit inflammation and suppress genes related to lipid metabolism, these have been shown to be therapeutic agents in dyslipidemia, the metabolic syndrome, type 2-diabetes and steatohepatitis. EPA and DHA have been shown to have similar regulatory effects as glitazone, a member of the thiazolidinedione group of drugs, on a large number of genes and transcription factors (Erkkila et al. 2004; Li et al. 2004 ).
Health risks of high levels of EPA and DHA Suspected risks of high levels of EPA and DHA may include the possibility of increased bleeding if overused (normally over 3 g per day) by a patient who is also taking aspirin or warfarin, hemorrhagic stroke (only in cases of very large doses), reduced glycemic control among diabetics and cardiac risk-persons with congestive heart failure, chronic recurrent angina pectoris or evidence that their heart is receiving insufficient blood flow, their doctors if advised may take these PUFA.
ω-3 fatty acids fortified foods Omega-3 supplementation in food has been a significant recent trend in food fortification. (Whelan and Rust 2006) . Flax seed oil consists of approximately 55 % ALA. Milk and cheese from grass fed cows may also be good sources of ω-3 fatty acids. Half a pint of milk provides 10 % of the recommended daily intake (RDI) of ALA while a piece of organic cheese the size of a matchbox may provide 88 % of ALA (Azona et al. 2008) . Walnuts contain appreciable ω-3 fat, with approximately a 1:4 ratio of ω-3 to ω-6. Green vegetables too, contain a noteworthy amount of ω-3 fatty acids, including strawberries and broccoli.
Conclusion
Effects of EPA and DHA are mediated through direct interactions in changing the composition of cell membranes and membrane function activating or suppressing signaling molecules, interacting directly with DNA as well as with proteins that affect the processing of transcription factors and affecting enzyme activities and vesicular endoplasmic reticulum Golgi trafficking. There is a strong need for dietary supplementation of ω-3 fatty acids for reducing risk of cardiovascular morbidity and mortality in the present scenario. Omega-3 fatty acids may have beneficial effects on heart health and potentially other disease conditions such as cancer, diabetes, and neurological disorders. Anti-inflammatory effects of ω-3 fatty acids can also be used in management of inflammatory associated diseases. People at special stages in the lifecycle, such as pregnant/lactating women, infants and children may also benefit from consuming ω-3 fatty acids in adequate amounts. The current food supply offers a wide variety of sources for dietary ALA, EPA, and DHA. Sustained innovations and a growing body of scientific evidence to support dietary recommendations for ω-3 fatty acids may help the public to achieve optimal health.
